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Abstract 
Aerodynamic heating distributions were measured in vicinity of rudder shaft and inside the gap between the rudder and body 
of Ballistic Missile. Time-accurate predictions were performed using a hybrid Reynolds-averaged Navier–Stokes/ Baldwin-
Lomax turbulence model. Gap size is varied and the extent of separation in front of the gap is a function of gap size. The 
structure of flow field and the heat flux distribution are given. The results indicate that when the height of shaft gap is lower 
than the thickness of the boundary layer nearby the shaft gap, the boundary layer is separated in front of the gap entrance, and 
then reattachment region is formed at the entrance of gap; the separation region is a region of high heat flux. The magnitude of 
peak heat flux nearby the gap is governed by the height of axle and Mach number. Region of peak heating is the stagnation of 
warhead when height of axle is higher than the thickness of the boundary layer. The region of peak temperature is at the 
warhead of bullet, the front edge of rudder experiences lower temperature, and the shaft gap experiences the lowest 
temperature of the three parts. The region of partial peak temperature near the gap changes from the lip of gap to the front edge 
of rudder shaft when the gap size is increased. 
© 2013The Authors.Published by Elsevier Ltd. 
Selection and peer-review under responsibility of theNational Chiao Tung University. 
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Nomenclature 
Ma Mach number 
Re Reynolds number 
D The diameter of themissile body 
d The diameter of rudder shaft 
hThe height of the gap(The height of rudder shaft) 
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1. CFD Numerical Methods for Hypersonic Flow 
1.1. Governing equations 
The governing equations for simulating hypersonic fluid flows consist of the Reynolds-aver-aged Navier-
Stokes equations (RANS), coupled with the Baldwin-Lomax turbulence models. There is one air gas model which 
is perfect gas model that have been incorporated into current methods. The conservation form of the equations is 
expressed as following: 
 
 
 
 
 
 
 
1.2. Conditions of numerical simulation 
The conditions of numerical simulation are as follows: the outer boundary conditions is the conditions of 
incoming flow; use isothermal boundary as the wing-body wall condition; flow condition is No-slip; take the 
symmetric boundary conditions in the symmetrical surface of half model aircraft. Re=11.3×106, y+ is 0.1. 
1.3. physics model and conditions of flow 
One wing-body model was used for the simulation of numerical. I is the area which this paper focuses on. 
 
 
 
 
 
 
(a) Geometric model(unit:mm) 
 
 
 
 
 
 
 
 
 
(b)meshmodel 
Fig.1 Geometric model and mesh model 
 
 
Value fetch of h/D is 0.005, 0.015, 0.05, 0.15,and flow conditions are as followings: 
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Table 1Conditions for calculation 
)/m(10Re 6  fMa  )(KTf  )(KTwall  
11.3 8.04 64.0422 300 
11.3 6.00 108.824 300 
 
2. Example of Verification 
In order to ensure the results of numerical calculation are reliable, the example of verification calculated by the 
numerical method is used for the inspection firstly. 
The flat – rudder (Fig.2)of size 680 (length) × 120 (width) × 10(thickness) wasselected as verification 
examplein Ref.11which had similar flow field with the wing-body. This model was calculated in the status of 5.2 
Mach number. 
 
 
 
 
 
 
 
 
Fig.2 Geometry model 
 
Shadowgraph of flow field is shown in Fig.3 (b). Whenthe deflection angle of fin is0 °, the boundary layer 
separates in front of the gap. After across the shock wave, the main physical parameters, such as pressure, density, 
temperature and entropy, increase fleetly.The upstream pressure gradient urge the high pressure behind wave to 
transfer to upstream by the subsonic region withinboundary layer, then the upstream pressure rises. When the 
pressure gradient is large enough, the upstream boundary layer will be separated, resulting in separation 
shock.When separation shock intersects with the main shock [12], Triradius flow occurred. The Mach diagram of 
symmetry plane of the rudder obtained by numerical simulation is shown in Fig.3 (b) .we can see that there are 
bow shock waveǃseparated shack wave and Triradius flow in both Fig.3 (a) and(b). The structure of flow field 
calculated by numerical simulation is consistent with the results of experiment.Diagram 4 is distribution of 
heatingon symmetrical line. Calculation and experimental agree well, showing that CFD method is correct and 
effective. 
 
 
 
 
 
 
 
 
(a)Shadowgraph of flow field                                                    (b)Mach diagram of symmetryplane 
Fig.3 The structure of flow field 
Y 
X 
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Fig.4 Heat flux distribution on symmetrical line 
3. Results and Analysis 
Heatingand temperature distributions of wing-body were calculatedin conditions of different rudder shaft 
heights, also the structure of flow field in the vicinity of the gap entrance. The results were analyzed. 
When the rudder shaft height islower than the thickness of boundary layer(the ratio of boundary layer thickness 
and wing-body diameteris about 0.08), the velocity within the gapislow; when the rudder shaft height is higher 
than the thickness of boundary layer, the velocity within the gapis high, the structure of flow field in front edge of 
gap becomes simplified, and the interference of shock wave and boundary no longer obvious. The two cases will 
be discussed respectively in the sections below. 
3.1. Analysis of flow field 
When the rudder shaft height is lower than the thickness of boundary layer(h/D=0.05),the Mach diagram in 
vertical section of symmetry plan of gap front edgeis shown in fig.5(a).Structure of flow field is shown in Fig.5(b), 
when the gap thickness is lower than the thickness of the boundary layer. The velocity of the gap flow is low 
when the gap height beyond the boundary layer.Theseparation regionis formed in front of the gap 
entrance,because of the interaction between bow shock wave and the boundary layer, then the reattachment region 
is formed at the entrance of shaft gap. The structure of this flow field is similar to the flow fieldof cylinder plate, 
and the difference is there is no vortex at the rudder root.  
When the rudder shaft height (h/D = 0.19) is higher than the thickness of boundary layer (Fig.2), the 
phenomenon of boundary layer separation disappears. Velocity of flow within gap is higher. 
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(a) Mach diagram(b) Streamlines around gap 
Fig5. Flow field in vertical section of symmetry plan in front edgeof gap 
 
 
 
 
 
 
 
 
 
 
 
 
 
(a) Mach diagram(b) Streamlines around gap 
Fig6. Flow field in vertical section of symmetry plan in front edgeof gap 
3.2. Results and analysis of heat flux 
ƽ3.2.1Effects of rudder shaft height on the heat flux 
 
From Table2it can be seen that the separation and separation region isa regionof and heat fluxwhen therudder 
shaft height is lower than the thickness of boundary layer. High heating flux occurred because high temperature 
gradientoccurs at this place and kinetic energy is transformed into internal energy[13]. 
When rudder shaft height is higher than the thickness of boundary layer, separation no longer appears,velocity 
of the flow inside the gap increases rapidly. Astrong bow shock wave is formed in front of rudder shaft. Local 
peak heat flux appears in front edge ofshaft and the junction of shaft and wing-body. Region of peak heating was 
the stagnationof warhead. 
 
 
 
ŎŢŤũ 
ŎŢŤũ 
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Table 2Peak heat flux of key parts when the height of shaft is different 
Key parts of  body Lip of gap Front edge ofrudder 
Frontedgeof 
rudder shaft 
junction of shaft 
and wing-body 
Stagnation 
region of bullet 
qmax/q0(h/D=0.05) 1.23 0.27 0.11 0.06 1 
qmax/q0(h/D=0.19) 0.1 0.25 0.36 0.34 1 
 
When rudder shaft height is lower than the thickness of boundary layer( Fig.7) , the areaof the peak heat flux 
moves forward.Separation area is the region ofpeak high heat flux. Increasing the height of rudder shaft reduces 
the size of the separation region. When rudder shaft height is higher than the thickness of boundary layer, the peak 
of heat flux become smaller and strong separation shock no longer appears in front edge ofrudder.Velocity within 
gap increases rapidly. Thelocal peak of heat flux appears inthe junction of shaft and wing-body. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
(a) h/D=0.005 (peak at-6.45)  (b) h/D=0.015 (peak at-6.41) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
(c) h/D=0.05 (peak at-5.9)   (d) h/D=0.19 (peak at-1.5) 
 
Fig.7. Heat flux distributionon line of symmetry plane in junction of shaft and wing-body 
 
ƽ3.2.2Effect of Mach number on the heat flux 
Fig.8.shows that the heating flux on the center line of body in front of rudder shaft in the condition of different 
Mach number.With Mach number decreasing, the area of peak heating moves backward,and the maximum heat 
flux decreases. 
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(a)H/D=0.005 (b)H/D=0.0050.015 
Fig.8 Heat flux distribution on line of symmetry in junction of shaft and wing-body 
3.3. Results and analysis of temperature field 
Regionof peak temperature is the warhead of bullet, as we can see from Fig.9.front edge of rudder experiences 
lower temperature, and shaft gap experiences the lowest temperature of the three parts. Fig.9 indicates that the 
temperature distributionat the gap entrance and its internal.When the height of rudder shaftis lower than the 
boundary layer,separation shock becomes weak and temperature within the gap becomeshigherwith the increasing 
of shaftheight. The peak temperaturearea of lipmoves forward with the increasing of gap height.When the height 
of rudder shaftis higher than the boundary layer,theareaof peak temperature appears in front edge of rudder shaft. 
 
(a)Temperature distribution of warhead                                                 (b)h/D=0.005 
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˄c˅h/D=0.05                                                                                  ˄d˅h/D=0.19 
 
Fig.9 Temperature distribution at the gap entrance and its internal 
4. Conclusion 
Effect ofgap height and Mach number on flow field are analyzedby the method of numerical simulation.The 
following conclusions can be drawn: 
1ǃwhen the height of shaft gap is lower than the thickness of the boundary layer nearby the shaft gap, the 
boundary layer is separated in front of the gap entrance, and then reattachment region is formed at the entrance of 
gap; the separation region is a region of high heat flux. The magnitude of peak heat flux nearby the gap is 
governed by the height of axle and Mach number. With the increasing of the gap height, peak heat flux of 
separation region decreased rapidly. 
2ǃRegion of peak heating is the stagnationof warhead when height of shaft gap is higher than the thickness of 
the boundary layer.Heat flux in front of Rudder shaft increases, but its value is less than the stagnation point of 
warhead. 
3ǃThe regionof peak temperatureis at the warhead of bullet, the front edge of rudder experiences lower 
temperature, and the shaft gap experiences the lowest temperature of the three parts.The regionof partial peak 
temperaturenear the gap changes from the lip of gap to the front edge of rudder shaft when the gap size is 
increased. 
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